The genetic code resides within a negatively charged DNA polymer. The resulting electrostatic repulsion from neighbouring phosphates stiffens the polymer such that it cannot fit within the small confines of a nucleus. A solution to this problem has evolved in the form of highly basic histone proteins that bind to DNA and neutralize the negative charges. The formation of chromatin through the binding of histones to DNA allows the DNA to be folded into chromosomes and compacted by as much as a factor of 10,000. The packaging of DNA creates both a problem and an opportunity: wrapping DNA around histones potentially obstructs access to the genetic code; however, the ubiquity of the histones that are bound at all regions of chromosomal DNA can be exploited so that enzymes that read, replicate and repair DNA can be directed to the appropriate entry sites. In this way, RNA polymerase (Pol) II initiates transcription at the beginning of genes rather than in the middle, DNA polymerase initiates replication at replication origins and DNA repair enzymes are directed to sites of DNA damage.
How does the cell package a helical DNA polymer in a way that is both refractory and accessible? The evolutionary solution to the packaging problem is the nucleosome 1, 2 (FIG. 1a) . The nucleosome is the basic unit of eukaryotic chromatin, consisting of a histone core around which DNA is wrapped. Each histone core is composed of two copies of each of the histone proteins H2A, H2B, H3 and H4 (FIG. 1b) . Approximately 147 bp of DNA coils 1.65 times around the histone octamer in a left-handed toroid 2 . Amino-terminal histone 'tails' emanate from the nucleosome core, past the DNA. The polypeptide chains of the histone tails are subject to covalent modifications, including acetylation and methylation. At active genes or at genes that are poised for activation, histones H2A and H3 are replaced by the histone variants H2A.Z and H3.3 (see ReFs 3, 4 for reviews of histone variants). Beyond the nucleosome core is the linker histone, H1. Nucleosomes are arranged as a linear array along the DNA polymer as 'beads on a string' . This structure can be further compacted by H1 into higher-order transcriptionally inactive 30 nm fibres.
The combination of nucleosome positions and their chemical and compositional modifications are key to genome regulation. In this Review, we focus specifically on nucleosome positioning rather than on histone modifications and variants. Here we interrelate past and recent developments in our understanding of the basic organization of nucleosomes on chromosomes, and show how DNA sequences and chromatin remodelling complexes selectively position and organize nucleosomes so that they can regulate genomic function. Importantly, massively parallel DNA sequencing and microarray hybridization technologies have allowed the location of every nucleosome across a genome to be determined with unprecedented accuracy
. We discuss how these maps reveal a common organizational theme at nearly every gene, including a nucleosome-free region (NFR) at the beginning and end of genes. We also discuss how the underlying DNA sequence and the action of chromatin remodelling complexes influence where nucleosomes are positioned. There is emerging evidence that nucleosomes regulate transcriptional initiation, and therefore understanding how nucleosomes are positioned has implications for how cells respond to Nature Reviews | Genetics Figure 1 | nucleosome structure. a | Structure of a nucleosome core particle (front and side view) 2, 131 . Histones are shown in light grey, and the DNA helix is shown in dark grey with a pink backbone. Basic amino acids (lysine and arginine) within 7 Å of the DNA are shown in blue to emphasize the electrostatic contacts between the DNA phosphates and the histones. b | A schematic of DNA wrapped around a nucleosome. Examples of histone tail modifications (Ac, acetylation; Me, methylation) and histone variants (H2A.Z and H3.3) are shown. Arrows indicate the replacement of canonical histones with histone variants. Part a courtesy of S. Tan, Pennsylvania State University, USA.
ChIP-chip
A method for detecting the location of proteins throughout a genome using chromatinimmunoprecipitation followed by microarray analysis.
ChIP-Seq
A method for detecting the location of proteins throughout a genome using chromatinimmunoprecipitation followed by high-throughput DNA sequencing.
external stimuli or how misregulation of nucleosome positioning leads to developmental defects and cancer.
Genomic organization of nucleosomes until recently, it was unclear whether deposition of histones on DNA during DNA replication occurs at random positions. Random deposition implies that nucleosomes lack positional cues and that histones are simply DNA packaging proteins that are removed and redeposited as DNA and RNA polymerases pass through them. Alternatively, individually positioned nucleosomes could take on specific physiological functions depending on where they reside in the genome. In this section, we will discuss how cells use both random deposition and specific positioning of histones to organize nucleosomes. This understanding has arisen through the development of technologies that have allowed genome-wide mapping of nucleosome positioning; we start by describing this progress then we discuss the genomic properties of nucleosomes.
A brief history of nucleosome cartography. In 2004, the exact genomic location of only a few hundred nucleosomes was known because techniques were limited to the individual interrogation of specific genomic loci. The early development of microarrays, which consisted of ~500-2,000 bp DNA probes that spanned each genic and intergenic region, provided a comprehensive view of the nucleosome landscape across the simple genome of the budding yeast Saccharomyces cerevisiae. The long (~1 kb) probe lengths of these early microarrays precluded the assessment of individual nucleosome states, which occur at <200 bp intervals. Nevertheless, for the first time, these pioneering studies showed a general depletion of nucleosomes in the intergenic regions where promoters are found [5] [6] [7] . It was initially unclear how the presence or absence of nucleosomes related to transcription, because the upstream intergenic regions of active and quiescent yeast genes were depleted of nucleosomes compared with other regions of the genome. However, higher-resolution nucleosome maps clarified that gene activation resulted in additional nucleosome depletion 5, [7] [8] [9] [10] [11] . Furthermore, antibodies that were specific for individual histone posttranslational modifications showed that the promoter regions of highly transcribed genes were particularly enriched with nucleosomes that contained acetylated and methylated histones [12] [13] [14] . The function of these modified histones remains an area of active research.
By 2005, microarrays had been developed that had shorter DNA probes and shorter probe-probe genomic distances, which provided higher resolution views of nucleosomes. However, printing technology limited the search space to small sections of small genomes. Nonetheless, these arrays showed that the nucleosomes at most genes are organized around the beginning of genes in basically the same way 15 : a NFR flanked by two well-positioned nucleosomes (the -1 and +1 nucleosomes), which is followed by a nucleosomal array that packages the gene (FIG. 2) . This basic pattern has also held true for metazoans 16, 17 . A complete and comprehensive map of nucleosome locations in a eukaryotic genome (S. cerevisiae) was completed in 2007 owing to two impressive technological advances. First, the densities of commercially printed probes on microarrays increased dramatically, allowing millions of genomic loci to be interrogated by ChIP-chip analysis in a single experiment. The genomic distances between probes were reduced to 5 bp in S. cerevisiae and 36 bp in Drosophila melanogaster 17, 18 . second, massively parallel shotgun sequencing allowed individual nucleosomal DNA molecules to be sequenced, initially at the level of hundreds of thousands of nucleosomes, and now at the level of tens of millions of nucleosomes
. The first such ultra-high-resolution genome-wide ChIP-seq nucleosome map was achieved for nucleosomes containing H2A.Z in S. cerevisiae 19 . The map showed the precise Box 1 | ChIP-Seq nucleosome mapping technology A stringent procedure for high-resolution mapping of nucleosomes by ChIP-Seq involves an initial step to cross-link histones to nucleosomal DNA by formaldehyde treatment of living cells. In principle, cross-linking traps nucleosomes at their in vivo locations. Next, linker DNA is removed from isolated chromatin by digestion with high levels of micrococcal nuclease (MNase). Subsets of nucleosome particles are isolated by immunoprecipitation using antibodies directed against histones, histone variants or histone modifications. Fragments of mononucleosomal DNA that are ~150 bp long are size-selected by agarose gel electrophoresis. The 5′ ends of millions of individual DNA molecules in this library are then sequenced in parallel. Short-read technology sequences 25-35 bp fragments (called tags), whereas long-read technology produces read lengths of 100 bp or more. Sequence tags are then mapped to the reference genome using alignment algorithms (see the figure; black arrows represent the reads derived from longand short-read technology) on either the Watson (blue) or Crick (red) strand. The 5′ ends of each tag, which correspond to nucleosome borders, are then plotted as a bar graph at each coordinate in the genome (as displayed in some publications 16, 22 ). Next, the tag location is adjusted to represent the nucleosome midpoint (typically +73 bp on the 'W' or '+' strand and -73 bp on the 'C' or '-' strand is added to the genomic coordinate of the 5′ end of each tag) 17, 19, 20 . Clusters of tags show a consensus nucleosome position. Two clusters are shown. The tighter the cluster, the more phased the corresponding nucleosome is. Randomly distributed tags reflect random ('fuzzy') positioning. A sample of tag distribution in a small section of the yeast genome is shown at the bottom of the figure, in which the red and blue tags are collapsed into a single bar graph. Each peak equates to a single consensus nucleosome position.
Three DNA sequencing technologies have been used to map nucleosomes 16, 17, 19, 23, 24 . Pyrosequencing using the Roche 454 GS20/FLX sequences nucleosomal DNA end-to-end, allowing both nucleosome borders to be linked in a single sequence. This method provides the greatest mapping accuracy, particularly in genomic regions of low complexity. By contrast, other platforms, such as those provided by the Illumina-Solexa Genome Analyzer and Applied Biosystems SOLiD, generate only 25-35 bp sequence tags, requiring both nucleosome borders to be inferred. Nonetheless, these short-read technologies produce >100 times the number of sequence tags at a similar cost as the long-read technologies, and so the short-read technology is currently the only practical technology for mapping nucleosomes in large genomes. The higher tag count of the short-read technology enhances mapping accuracy and thus provides a practical way of mapping nucleosomes. Nature Reviews | Genetics 
Phasing
The distribution of nucleosomes around a particular coordinate in a population of cells.
Rotational setting
The local orientation of the DNA helix on the histone surface.
Translational setting
The nucleosomal DNA midpoint position relative to a chromosomal locus.
Linker DNA
A short length of DNA located between nucleosomes. Long linker DNA can be considered to be a nucleosome-free region (NFR) -the DNA length cut-off for the two classes is arbitrary. However, NFRs tend to be sites of RNA and DNA polymerase loading and unloading.
nucleosomal contexts in which gene regulatory elements function on a genomic scale. Nucleosome maps of a similar resolution in yeast, worms, flies and humans have now been published [16] [17] [18] [20] [21] [22] [23] [24] and are likely to be produced for other model organisms soon. Future nucleosome mapping endeavours will probably focus on how nucleosome positions and histone modifications depend on cellular factors, and how they change in response to environmental signals, tissue differentiation and cellular disease states.
Lessons learned from global nucleosome maps. Genomewide nucleosome maps allow us to explore the genomic properties of chromatin. At any given genomic locus, the preferential positioning of nucleosomes -called phasing -can be described (FIG. 3a) . At most loci, there is an approximately Gaussian (normal) distribution of nucleosome positions around particular genomic coordinates, ranging from ~30 bp for highly phased nucleosomes to a random continuous distribution throughout an array. How much of this variation is due to genuine positional heterogeneity and how much is an artefact that is caused by overtrimming or undertrimming of the DNA at nucleosome borders by micrococcal nuclease during sample preparation remains to be determined.
Within each Gaussian distribution, nucleosomes have preferred positions; these positions tend to be about 10 bp apart 19 (FIG. 3b) . This means that, owing to the helical nature of DNA, a DNA sequence will tend towards the same rotational setting (facing inwards or outwards) on the histone surface when a nucleosome is in alternative preferred positions (translational settings). This is important because the orientation of a DNA sequence on the histone surface determines the accessibility of its sequence and thus its activity (FIG. 3b) .
Positioned nucleosomes tend to be spaced at a fixed distance from each other, with short stretches of linker DNA between them. The most common distance between adjacent nucleosome midpoints is approximately 165 bp (~18 bp linker) in S. cerevisiae 18, 20, 23 , 175 bp (~28 bp linker) in D. melanogaster 17 and Caenorhabditis elegans 24 , and 185 bp (~38 bp linker) in humans 16, 22 . chromatin remodelling or spacing complexes of the imitation switch (IsWI) class, such as ATPdependent chromatin assembly and remodelling factor (AcF) and chromatin accessibility complex (cHRAc), establish nucleosome spacing [25] [26] [27] [28] . These complexes bind nucleosomes and a finite amount of adjacent linker DNA, then use energy from ATP hydrolysis to move nucleosomes in the direction of the linker DNA [29] [30] [31] . As a result, the linker shortens until it can no longer bind the IsWI complex. linker length is likely to be further constrained by the linker-binding histone H1 (ReFs 32-34), which might reduce the amount of linker DNA that is available to the IsWI complexes. The different linker lengths in evolutionarily diverged eukaryotes might reflect the presence of evolutionarily divergent IsWI subunits or H1 proteins that have species-specific DNA length requirements for binding in these eukaryotes. shorter linkers might result in a reduced availability of sequences for protein binding and thus these linkers might have regulatory functions. very long linkers, or NFRs (~140 bp in length 17, 20, 22 ), are present in the genome where a nucleosome seems to be missing or where the DNA is depleted of nucleosomes relative to the rest of the genome. As we will discuss in a later section, these NFRs are key to unlocking the mystery of how nucleosome organization and gene regulation are linked. . Also shown is a schematic of alternative rotational settings of DNA and its effect on site accessibility (indicated by the black 'rungs' on the DNA helix).
Pre-initiation complex (PIC). This assembly is found at the promoter and before the complex has initiated transcription. It includes the general transcription factors (TFIIA, TFIIB, TFIID, TFIIe, TFIIF and TFIIH), the mediator, the RNA polymerase II complex, and activator or co-activator proteins (including sAGA).
The organization of nucleosomes on genes. The genomewide maps of nucleosome location have also provided insights into the organization of nucleosomes around protein-coding genes. The S. cerevisiae genome provides the clearest example of a consensus pattern of organization (FIG. 2) . The first predominant nucleosome located upstream of the transcription start site (Tss) (designated -1, see BOX 2) covers a region from -300 to -150 relative to the Tss, and can regulate the accessibility of promoter regulatory elements in that region. During a transcription cycle, the -1 nucleosome will experience many changes that affect its stability, including histone replacement, acetylation and methylation, as well as translational repositioning, and ultimately eviction after pre-initiation complex (PIc) formation. Whether the -1 nucleosome remains evicted during multiple rounds of transcription, or returns between each transcription cycle, remains an important unanswered question. The answer to this question would help elucidate whether reinitiation of transcription is mechanistically distinct from the initial activation event.
Downstream of the -1 nucleosome is a NFR (the 5′ NFR), then the Tss (discussed in a later section), which is followed by the +1 nucleosome. of all the nucleosomes found in and around genes, the +1 nucleosome displays the tightest positioning (or phasing) 20 . The +1 nucleosome often contains histone variants (H2A.Z and H3.3) 35 and histone tail modifications (methylation and acetylation) [36] [37] [38] , all of which might facilitate nucleosome eviction and PIc assembly. During transcription, the +1 nucleosome is likely to be evicted, but it seems to rapidly return to its original place after Pol II has passed, as it is only modestly depleted at highly transcribed genes 19 . The +2 nucleosome is found immediately downstream of the +1 nucleosome. It shares some properties with the +1 nucleosome but contains less H2A.Z, and displays less methylation, acetylation and phasing 38, 39 . The +3 nucleosome and the more downstream nucleosomes each have less of these properties than the previous upstream nucleosome. The reduction in these properties might reflect a limitation in the functional distance of histone remodelling or modifying enzymes that are tethered to the 5′ end of genes.
Beyond ~1 kb from the Tss, consensus spacing from the Tss dissipates. Although phased nucleosomes are found, there is an increasing tendency for random nucleosome positions 15, 20 . This might represent a loss in the functional constraints that are imposed on nucleosomes at the beginning of genes.
The array of nucleosomes that covers a gene terminates with a NFR at the 3′ end of the gene (the 3′ NFR). The 3′ NFR is the region at which Pol II terminates transcription, which is precipitated by the cleavage of the nascent RNA transcript near the 3′ end of the gene. Whether the nucleosome located at the end of the 3′ NFR contributes to termination is not known. overall, these high-resolution genomic maps show that genes are packaged into a regular array of nucleosomes that starts at a fixed position from the Tss and are bracketed by nucleosome-free or nucleosome-depleted zones. In the next section, we discuss how this pattern might be set up.
Origins of nucleosome positions so far, we have learned that nucleosomes adopt canonical positions around promoter regions and more random positions in the interior of genes. But how is this organization established? We describe one view using an analogy of a roulette wheel (an analogy of a parking lot is described elsewhere 40 ). In a roulette wheel, the ball is allowed to land only in the designated slots (FIG. 4a) . Regardless of how many balls are used, the possible positions of the balls are predetermined. Every positioned nucleosome could have an underlying DNA sequence structure (a 'slot') that favours positioning in that location. Randomly positioned nucleosomes would not be associated with any positioning sequence. This model implies that the positions of adjacent nucleosomes are independently controlled. An alternative possibility, called statistical positioning [41] [42] [43] [44] , arises from the close packing of nucleosomes into an array. The positioning of one nucleosome in the array (FIG. 4b, left side) forces the positioning of all other nucleosomes, because the tight packing restricts their lateral movement (this is termed probabilistic positioning, as indicated by the distribution trace in FIG. 4b) . Thus a single genomic barrier can potentially position many nucleosomes without the need for individual positioning sequences. Below, we describe how a combination of both models might exist (FIG. 4c) .
Support vector machine classifier
A widely used method of classifying training data (for example, nucleosomal compared with non-nucleosomal genomic DNA), which can then be used to make predictions de novo.
Hidden Markov modelling
A method of identifying unknown or hidden states (for example, nucleosome positions) from observable states (for example, measured nucleosome positions).
Cryptic transcription
A low level of presumably unregulated transcription that originates from nucleosome-free regions. The transcripts are usually rapidly degraded.
DNA sequence patterns. The +1 nucleosome could provide the barrier for statistical positioning. so, are there DNA sequence patterns that are associated with wellpositioned nucleosomes? The idea behind pattern searching is to align the 147 bp DNA sequence of thousands of well-positioned nucleosomes and determine whether particular base pair combinations are statistically enriched at particular positions along the DNA molecule. such pattern searching began in the 1980s with a few hundred nucleosomal sequences, and showed that AA, TT and TA dinucleotides occurred at 10 bp intervals 42, [45] [46] [47] . There were also 10 bp periodicities of Gc dinucleotides, but their periodicity was offset by 5 bp compared with the AA, TT and TA patterns. current alignments of thousands of nucleosomal DNAs show essentially the same pattern, including changes in nucleotide composition in linker regions 17, 19, 20, 24, 45, [48] [49] [50] [51] [52] [53] . other nucleotide and DNA structural elements also exist, but they might be less universal and might be tailored for specific positioning purposes that remain to be elucidated 18 . What do the periodic AA, TT and Gc patterns tell us? The 10 bp periodical presence of certain dinucleotides probably provides a rotational setting of the DNA on the histone surface because AA or TT dinucleotides tend to expand the major groove of DNA, whereas Gc dinucleotides tend to contract the major groove. These alterations of the major groove might facilitate DNA wrapping around the histone core when the dinucleotides are placed in phase with the helical twist of DNA. In addition, other sequence combinations could create subtle bends in the DNA or alter the flexibility of DNA to contribute to the rotational setting of nucleosomal DNA 18, 48 . owing to rotational phasing, translational repositioning of a resident nucleosome into an adjacent linker region or NFR could obscure a DNA regulatory element in the linker without affecting the accessibility of another regulatory site that is already rotationally exposed on the surface of the nucleosome (FIG. 3b) .
A key observation which showed that rotational phasing does not necessarily establish translational phasing was the inability of a 10 bp repeating pattern of AA and TT dinucleotides to predict the genomic locations of nucleosomes 20 . Instead, the nucleosome positions were more accurately predicted when the search pattern was enriched with AA dinucleotides towards the 5′ end and TT dinucleotides towards the 3′ end. Thus, partitioning of AA and TT dinucleotides towards the 5′ and 3′ ends, respectively, helps define translational positioning, whereas periodic AA and TT dinucleotides help define rotation positioning.
Despite the statistical enrichment of AA, TT and Gc patterns associated with nucleosomes, the presence of these dinucleotide patterns in individual nucleosomes only occurs modestly above a random distribution and is largely limited to the -1 and +1 nucleosomes 20, 46 . Thus, sequence-directed positioning might be subtle or diffuse, meaning that a small number of sequence determinants could be spread throughout the 147 bp nucleosomal DNA. Positioning is also likely to involve a combination of these favourable positioning sequences plus linker-enriched unfavourable sequences. It might be advantageous to have a mixture of favourable and unfavourable sequences, which results in only marginally stable nucleosome positions. An optimum mixture might strike an important balance between a state that can be disrupted to allow transcription and replication and a stable state that prevents inappropriate access to DNA. Indeed, the entire genome can be thought of as a continuous thermodynamic landscape of nucleosome occupancy, in which NFRs represent the thermodynamically least favourable regions and the +1 or -1 nucleosome positions represent the thermodynamically most favourable regions.
Predicting nucleosome positions. many studies have attempted to computationally predict in vivo nucleosome locations de novo in yeast, flies and humans based on properties of the underlying DNA sequence 17, 42, 44, 46, 48, 49, 53, 54 , and more sophisticated strategies are now emerging. such predictions have been successful from a statistical perspective (that is, better than random guessing), but are limited compared with the experimental determination of nucleosome positions. Two studies used a support vector machine classifier that incorporated an experimental data set of nucleosome positions to identify characteristics that could discriminate between nucleosome-forming and nucleosome-avoiding DNA sequences (AT versus Gc sequences) 44, 49 . Another study used a combination of favourable short distance dinucleotide periodicities and short unfavourable sequence patterns to provide a probalistic model of nucleosome positions 53 . A third, and possibly the most accurate method, involved the use of wavelet transformation sequence periodicities that were spread throughout a training set of nucleosomal DNA sequences, which were combined with nucleosomal and linker sequence differences to create discriminatory signatures that were then used to make de novo predictions of nucleosome positions by hidden Markov modelling 54 . It seems unlikely that a simple sequence-based algorithm will ever accurately predict all nucleosome locations. Factors other than the surrounding DNA sequence might contribute to nucleosome positioning in vivo. For example, nucleosome remodelling complexes, such as Isw2 in S. cerevisiae, override the sequence preferences of nucleosomes, causing nucleosomes to encroach into the 5′ and 3′ NFRs, thereby suppressing cryptic transcription that arises from the NFRs 55, 56 . In addition, as a mechanism of gene repression, Isw2 uses the energy from ATP hydrolysis to position nucleosomes onto promoter regions that are intrinsically designed to
Box 2 | nucleosome numbering
In yeast and flies, the first nucleosome upstream of the 5′ nucleosome-free region (NFR) is considered the -1 nucleosome, whereas the first nucleosome downstream of the NFR is considered the +1 nucleosome [17] [18] [19] [20] [21] 23 (FIG. 2) . In humans, the rare nucleosome that appears in the consensus NFR regions has been defined as -1, which leaves the more predominant first upstream nucleosome to be called -2 (ReF. 22) . As this nomenclature inconsistency between organisms could be confusing, some standardization of nucleosome numbering might be necessary, particularly as different nucleosome positions have been shown to have specific functions. 
SAGA complex
A multisubunit multifunctional complex that delivers TATA-binding protein (TBP) to promoters (by spt3 and spt8 subunits), acetylates nucleosomes (by the Gcn5 subunit) and is associated with activities that remodel (by Chd1) and deubiquitylate (by Ubp8) nucleosomes.
TFIID
A multisubunit general transcription factor composed of TATA-binding protein (TBP) and ~15 other subunits (TBP-associated factors).
Core promoter element
A widely used DNA sequence element that helps position the transcription initiation complex, and is typically located within 60 bp of the transcription start site.
General transcription factor
A protein that is widely considered to be required to set up a transcription initiation complex at all promoters (examples include TFIIA, TFIIB, TFIID, TFIIe, TFIIF and TFIIH). repel nucleosomes 56 . such nucleosomes are said to be 'spring-loaded' , because removal of Isw2 would quickly result in intrinsic nucleosome eviction or repositioning of the nucleosome away from the unfavourable sequence.
TATA-binding protein

Structure and function of NFRs
Both DNA sequence and protein factors are important for establishing NFRs. It is striking that regions of the genome that possess the strongest nucleosome positioning sequences (at the +1 nucleosome) are adjacent to regions that have the strongest anti-positioning sequences (5′ NFRs). An important factor in the establishment of a 5′ NFR might be the presence of poly(dA:dT) tracts 15, 20, 53, [57] [58] [59] . Nucleosomes tend to be excluded from these tracts owing to the rigidity imparted to the DNA by the bifurcating hydrogen bonds present between adenosine bases on one strand (at position n) and thymines located on the other strand at positions n and n + 1 (ReFs 59-61). In addition, specific DNAbinding proteins, such as the myb-related protein Reb1 in yeast, might be important in positioning nucleosomes to create NFR boundaries 62 .
NFRs and transcription. The discovery of NFRs changed the way we think about how the transcription machinery assembles at promoters. We expected that promoter regions would be occluded by nucleosomes except when they were activated. This is still largely true for many genes that are repressed in specific tissues. However, the discovery of NFRs demonstrated that open promoter states are stable and common, even at genes that are transcribed so infrequently (<1% of the maximum level) that they are essentially turned off [17] [18] [19] 23, 63 . Thus, although a NFR is permissive for transcription, it is not sufficient to activate genes. NFRs might allow low basal levels of leaky transcription, which could be interpreted as meaningless biological noise, particularly if the transcripts are rapidly degraded [64] [65] [66] . However, low levels of genic transcription might have a general housekeeping function whereby gene products are constitutively produced at low levels.
5′ NFRs are likely to be sites for the assembly of the transcription machinery, whereas 3′ NFRs are likely to be sites for the disassembly of the transcription machinery, although in compact genomes (for example, yeast, flies and worms), the 3′ NFR of one gene could be the 5′ NFR of the next downstream gene. It is currently unclear whether the open architecture of the 5′ NFR is necessary for the initial 'pioneering' polymerase or whether transcription itself establishes the NFR from the closed state, although at heat-shock genes in D. melanogaster, some domain-wide chromatin reorganization occurs after heat-shock treatment but before Pol II traverses the gene 67 . Given the reasonable expectation that Pol II and nucleosomal histones cannot simultaneously occupy the same DNA sequence, any nucleosome that is present in the promoter region is likely to be evicted or substantially remodelled before Pol II binding occurs 68 . When transcription is initiated and Pol II has cleared the promoter, the resident chromatin might not return to its original closed state (at least, not immediately) but might maintain an open state in which the composition of the nucleosomes is better suited for eviction during multiple rounds of transcription. This scenario is still hypothetical and remains fertile ground for experimentation.
Transcription start site selection by nucleosomes?
Because many PIc components, such as the sAGA complex and TFIID, have nucleosome-binding subunits, positioned nucleosomes might define the location of the Tss by positioning the PIc. The conventional view is that most genes contain a predominant Tss, the location of which is defined by core promoter elements 69 . In PIc assembly, general transcription factors, such as TATAbinding protein (TBP) or TFIID, bind to core promoter elements and position other initiation factors, such as TFIIB and TFIIF, which then direct Pol II to initiate transcription at the initiator element (INR element) (the consensus sequence is TcAKTY in flies and YYANWYY in humans) 70, 71 . The problem with this view is that, despite extensive bioinformatic searches, most promoters seem to lack core promoter elements, including a TATA box, the TFIIB recognition element (BRE), INR, downstream promoter element (DPE) or motif ten element (mTE). In the absence of core promoter elements, how does the transcription machinery establish the location of the Tss? The answer is not known. Below, we speculate that positioned nucleosomes might determine the location of the Tss. Nature Reviews | Genetics For about 80% of the 5,700 genes in S. cerevisiae, there is one Tss 72 . Remarkably, this specificity is achieved without a well-defined initiator element. The minimal consensus Tss in S. cerevisiae is YR (a c or T followed by an initiating A or G, although other nearby sequences might influence start site selection) 73, 74 . YR is predicted to occur once every 4 bp in the genome, and thus lacks selectivity. However, Tsss are tightly distributed ~10-15 bp inside of the upstream border of the +1 nucleosome 19 (FIG. 2) . Given this tight linkage, it is difficult to envision how positioning of the Tss and the +1 nucleosome could have arisen independently at thousands of genes in yeast, yet maintained a fixed distance from each other.
How might the Tss be tightly linked to the position of the +1 nucleosome? First, during transcriptional activation, which is promoted by sequence-specific transcriptional activators, the -1 and +1 nucleosomes are acetylated and methylated (FIG. 5) . The acetylation marks are recognized by bromodomain modules, which are found in many chromatin regulatory complexes, including the sAGA histone acetyltransferase complex 75 (step 1 in FIG. 5) and TFIID (which is contained in the TFIIDinteracting protein bromodomain-containing factor 1 (Bdf1) in yeast) 76, 77 . In mammals, TFIID also binds H3K4me3 (histone H3 methylated at lysine 4), which is a mark of active transcription 78 . sAGA and TFIID then deliver TBP to promoters 79, 80 (step 2 in FIG. 5) . Therefore, in principle, TBP positioning at promoters could be directed in part by sAGA and/or TFIID bound to nucleosomes, without the need for a positioning element.
TBP binds TFIIB and places it immediately downstream towards the Tss 81 (step 3 in FIG. 5) and TFIIB positions Pol II at the promoter 82, 83 (step 4 in FIG. 5 ). There is experimental evidence that TFIIB controls Tss selection; for example, the Tss location can be shifted by mutations in TFIIB 84 or by replacement of TFIIB and Pol II with the same proteins from an evolutionarily diverged eukaryote that normally has a shifted Tss 74, 85, 86 . None of these steps invokes a need for core promoter elements. A similar scenario occurs during transcription of eukaryotic tRNA genes by Pol III. The protein complex TFIIIc binds to specific DNA sequences that are internal to the tRNA genes and positions the TBP-containing TFIIIB complex at a precise distance from the Tss without an underlying positioning element 87 , and TFIIIB then positions Pol III at the Tss.
core promoter elements might have been adopted later in evolution. In metazoans, such elements might focus the Tss 69 . At least in vertebrates, genes that lack core promoter elements tend to have many Tsss dispersed over a distance of 50-100 bp 69 . It will be interesting to learn whether such promoters also have a dispersed (fuzzy) nucleosome architecture, which might be expected if nucleosome positions define at least some of the Tsss.
Evolutionary shifts in the TSS location. compared with S. cerevisiae, metazoans have a genome-wide shift in the location of the Tss with respect to the position of the +1 nucleosome (FIG. 5) . The predominant metazoan Tss resides in the NFR, ~60 bp upstream of the +1 nucleosome border 16, 20, 24 , whereas S. cerevisiae initiates transcription just inside the +1 nucleosome border. Part of this downstream shift in the Tss location in S. cerevisiae might be due to the initiation of metazoan transcription 30 bp downstream of the site at which TBP is bound 70 , whereas S. cerevisiae initiates transcription ~60 bp downstream of TBP. Therefore TBP might reside at the same distance from the +1 nucleosome in both eukaryotic branches. Although this hypothesis remains to be tested, if it is true, this would suggest that the distance between the +1 nucleosome and the PIc is a fundamental constant in eukaryotes and that the species-specific differences in Tss location are due to species-specific differences in TFIIB and Pol II 74, 85, 86 . one model for how TFIIB and Pol II select a Tss is that after they are recruited to the site where TBP binds, TFIIB directs Pol II to scan downstream in a manner that does not require transcription 74, 88 (step 4, dashed arrow in FIG. 5) . Any mechanism that causes Pol II to dwell at a particular site might increase the probability of initiation at that site. such a mechanism might be based in part on the nature of the TFIIB-Pol II interactions in combination with core promoter sequences and/or nucleosome positions, all of which could affect Pol II scanning efficiency. In metazoans, increased dwelling Nature Reviews | Genetics Owing to rotational phasing, the green site is always accessible in the various states. Nucleosome eviction (c) might be necessary to assemble a pre-initiation complex and to transcribe the underlying DNA. Anti-silencing function 1 (Asf1) and H2A.Z-specific chaperone (Chz1) are examples of histone chaperones. Ac, acetylation.
Histone chaperone
A member of a class of proteins that help to deposit histones onto DNA, but are not components of nucleosomes.
might be caused by core promoter elements (INR, DPE and mTE), whereas in S. cerevisiae, the +1 nucleosome might provide the predominant impediment because core promoter elements beyond TATA boxes might not exist. such a mechanism remains highly speculative until tested. What are the implications of species-specific shifts in the Tss? The location of the Tss relative to the +1 nucleosome in S. cerevisiae compared with its location in metazoans indicates that yeast have to displace or remodel the +1 nucleosome before initiation of transcription, whereas metazoans only need to contend with the +1 nucleosome after initiation (FIG. 5) . Indeed, a large fraction of metazoan genes have an initiated, but paused, Pol II immediately upstream of, and in contact with, the +1 nucleosome 17, [89] [90] [91] .
Control of DNA access
We have discussed how genome-wide patterns of nucleosome positioning might influence transcription. In this final section, we turn briefly to the general question of how nucleosome disruption or displacement might allow nucleic acid polymerases to translocate along the underlying DNA or to allow transcription factor binding. There are a number of mechanisms by which the effect of a positioned nucleosome can be modulated to regulate DNA accessibility and therefore gene expression.
DNA accessibility without catalysis. Widom and colleagues have proposed a 'site exposure' model whereby thermal fluctuation of DNA on the nucleosome surface transiently exposes DNA-binding sites for transcriptional regulators 92, 93 . site exposure through thermal fluctuation posits that DNA unwrapping originates from the DNA entry and exit points of the nucleosome, and becomes energetically less favourable towards the midpoint of the nucleosome 59, 94 . consistent with this model, DNA regulatory sites tend to reside near the entry and exit sites of nucleosomes 19, 55 . Binding of one factor might stabilize a partially disassembled state, allowing other transcription factors to access cognate sites that were previously buried 95 . Alternatively, certain regulatory proteins might bind to the rotationally exposed major groove of DNA that rests on the nucleosome surface (FIGs 3b, 6a) 19 or bind to sites located in the NFR, where they might be constitutively accessible 15 . DNA accessibility and remodelling complexes. Access to DNA sites that are internal to a nucleosome might require catalysed remodelling (FIG. 6b) . Regulated nucleosome dynamics are driven by ATP-dependent chromatin remodelling complexes (for example, sWI/sNF 43, [96] [97] [98] [99] ) in many ways: DNA 'breathing' on the nucleosome surface, in which sWI/sNF transiently exposes DNA regulatory sites by creating DNA loops on the nucleosome surface; translational repositioning (nucleosome sliding), in which complexes containing Isw2 move nucleosomes laterally to expose or cover DNA regulatory sites; nucleosome removal and deposition by the Rsc complex and histone chaperones, for example, FAcT (facilitates chromatin transcription), Asf1 (anti-silencing function 1) and chz1 (H2A.Z-specific chaperone 1); and replacement of histone subunits, such as the replacement of H2A with H2A.Z by the sWR1 remodelling complex [100] [101] [102] and replacement of H3 with H3.3 by the cHD1 (chromodomain-helicase-DNA-binding 1) remodelling complex 103 . Nucleosome dynamics are important because they regulate DNA accessibility, which is key to proper gene regulation and transcription fidelity.
Nucleosome sliding might be an important way of regulating access to DNA sites that are near nucleosome borders. For example, the TATA box of the yeast PHO5 (repressible acid phosphatase 5) gene resides near the -1 nucleosome border, and movement of this nucleosome by as little as a few base pairs alters the accessibility of the TATA box, which ultimately alters the composition of the assembled transcription machinery 104 . In mammalian cells, induction of the interferon-β promoter by viruses involves nucleosome sliding, which is promoted by the combined action of sWI/sNF on nucleosomes and TBP binding to TATA 105 . Thus, nucleosome sliding, remodelling and/or eviction seem to be important mechanisms for promoting Tss access and gene activation.
Because the binding of sequence-specific transcription factors to their cognate sites might be largely controlled by the -1 nucleosome in S. cerevisiae, remodelling complexes that promote site access might be specifically targeted to such nucleosomes 68 (FIG. 6b) . consistent with this suggestion, sWI/sNF promotes the binding of the Gal4 activator to nucleosomal DNA in vitro 106, 107 and can modulate Gal4 binding to sites near the -1 nucleosome to promote transcription in vivo 108 . The activity of sWI/sNF (and related complexes) can be enhanced by histone acetylation 109, 110 . For example, acetylation might reduce histone-DNA electrostatic interactions by neutralizing positively charged lysines 111 , which might disrupt higher-order, repressive chromatin structures 112 and also provide acetyl-lysine binding sites for sWI/sNF and other bromodomain-containing complexes 75 . A detailed discussion of this subject is beyond the scope of this Review, but it is clear from a wide range of studies that histone acetylation is an important contributor to gene activation 12, 111, [113] [114] [115] . Nucleosome eviction. In addition to shifting the contacts between DNA and histones, eviction of a nucleosome from a particular genomic location allows DNA-binding factors to access the DNA (FIG. 6c) and can therefore affect gene expression. Remodelling complexes remove nucleosomes, and this process is likely to be influenced by histone variants 116 . Nucleosome loss can occur as a specific response to environmental stresses or signals, leading to transcriptional reprogramming. For example, yeast genes that are activated in response to heat shock or changes in the cell cycle often lose nucleosomes in the promoter region 23, 117 . Genes in which expression is turned down gain nucleosomes 5, 7, 10, 11, 23, 117, 118 . Nucleosome ejection during gene activation has been studied for some time at model target genes in Saccharomyces spp. [118] [119] [120] [121] [122] [123] [124] [125] and other organisms 126 . For example, during erythropoiesis in humans, induction of the β-globin gene results in histone loss over DNA sequences in the locus control region (lcR), which contains enhancer elements that direct expression of the globin genes. Indeed, loss of nucleosomes allows the haematopoietic, cell-specific transcriptional activator NF-E2 (nuclear factor, erythroid-derived 2) to bind to the lcR 127 . In other cell types, nucleosomes create a closed chromatin state over the lcR, which precludes globin expression.
Conclusions and future directions our understanding of how nucleosome positions and dynamics regulate gene expression has increased dramatically in recent years. This is in large part due to the discovery and characterization of proteins that write, read and erase the many kinds of histone modifications, and the convergence of this knowledge on the involvement of chromatin remodelling factors, histone variants and histone chaperones in gene regulation. The ability to determine where in the genome proteins are bound and how much is bound using chIP-chip and chIP-seq technologies has opened our eyes to the general mechanism or specificity of nucleosomal regulation. Because misregulation of nucleosomes can lead to developmental defects and cancer [128] [129] [130] , such as mixed-lineage leukaemia, when the ability to methylate histone H3 is disrupted, understanding the extent to which nucleosome organization and modification of this organization are altered throughout a genome in normal and disease states will be an important step towards chromatin-based therapy.
some of the next steps towards increasing our understanding of global chromatin structure will be to identify the cellular components and mechanisms that determine the canonical positioning of nucleosomes. This might be best achieved through molecular and/or genetic techniques that remove candidate nucleosome organizing factors and determine whether canonical positions are altered. The observation that many proteins contain conserved domains that interact with histone modifications raises the question of whether such proteins bind to specific nucleosomes in the genome. Addressing this question might require the development of methods to cross-link proteins to nucleosomes in vivo and map such interactions across the genome using chIP-seq technology. The development of high-resolution genome-wide mapping technologies will allow us to answer many new questions regarding the function of genomic chromatin organization and its interplay with the transcription machinery.
